Symmetry in the insulator - quantum Hall - insulator transitions observed in a 

Ge/SiGe quantum well 
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We examine the magnetic field driven insulator-quantum Hall-insulator transitions of the two dimensional 
hole gas in a Ge/SiGe quantum well. We observe direct transitions between low and high magnetic field 
insulators and the v = 1 quantum Hall state. With increasing magnetic field, the transitions from insulating 
to quantum Hall and quantum Hall to insulating are very similar with respect to their transport properties. 
We address the temperature dependence around the transitions and show that the characteristic energy 
scale for the high field transition is larger. 

PACS numbers: 73.40.Hm, 71.30. +h, 71.55.Jv, 73.20.Dx, 72.15.Rn, 71.70.Di 



The quantum Hall (QH) effect is an excellent system 
to study transitions between insulating and metallic be- 
haviors in two dimensions. In the integer QH effect the 
basic physics is governed by the Landau levels (LL). The 
system becomes insulating at T = when the energy of 
the lowest LL crosses and exceeds the Fermi energy. In 
this case we have a transition from the QH state, charac- 
terized by the filling factor v = L. to an insulator. This 
was observed by Paalanen et al.cl in low mobility sam- 
ples. For much cleaner samples with very high mobilities, 
the transition to an insulating behavior can occur from 
much lower fractional QH states like v = 1/5 as observed 
by Jiang et al.H. This transition was interpreted as evi- 
dence for the formation of a Wigner crystal. In the zero 
magnetic field case a similar transition was observed by 
Kravchenko et alJ3 but as a function of density. 

Another intriguing phenomenon has been observed re- 
cently by Jiang et alJj and othersErQ: they observed a 
direct transition from a low magnetic field (B) insulat- 
ing phase to the v = 2 state. Later Shahar et al.El ob- 
served a transition to the v = 1 state in a 2 dimensional 
electron system and Song et alB saw direct transitions 
between a low B insulator and the v — 3, v — 2 and 
v = 1 quantum Hall states, depending on density. The 
general framework for understanding these insulator-to- 
QH states transitions can be found in .-the pioneering 
work of Kivelson, Lee and Zhang (KLZ)lJ in terms of a 
global phase diagram (GPD). KLZ's theory is successful 
in explaining transitions in the integer and fractional QH 
regime but it fails in accounting for the direct transitions 
to higher order QH states such as the v = 3 stateO. It is 
therefore essential to study these transitions in detail in 
order to improve our understanding of the GPD. 

The purpose of this work is to give a better understand- 
ing of the insulator-QH-insulator transitions by concen- 
trating on transitions involving only the v = 1 QH state. 
In particular the similarities between the low and high 
B-ficld transitions will be demonstrated. We will further 



present a detailed study of the temperature (T) depen- 
dence of the resistivity around both, the low-B field tran- 
sition, which separates a low B insulator from the spin 
split v = 1 QH state, and the high B-field transition that 
separates the QH state v = 1 from the insulating high 
B-ficld phase. 

This paper is organized as follows. After discussing 
the experimental details we will focus on the diagonal 
resistivity, which allows us to identify the low and high 
B-field transition points . We study the T-dependence of 
the slopes of the diagonal resistivity at the transitions. 
Our main result is that there is a clear similarity between 
both transitions, essentially differing only by their energy 
scales. We conclude with a discussion of our results. 

The results of this work were obtained from a 2 di- 
mensional hole system (2DHS) in a strained Ge layer. 
The 2DHS is contained in the Ge layer which is under 
compressive strain. The sample studied was grown by 
MBE technique and consists of a graded buffer Sii-^Ge^ 
layer grown on a Si (100) substrate, followed by a uniform 
buffer Sio.4Geo.6 layer and a 150 A thick Ge layer sand- 
wiched in between Sio.4Geo.6 layers where Boron modu- 
lation doping is placed. The 2DHS has a mass of ~0.1 
m e , which is density dependent BEJ 

We could vary the density and mobility by means of 
a metallic front gate. A MOSFET structure was made 
by depositing an insulating layer between the metal and 
the cap layer. A standard Hall bar was processed with 
Ti/Al gate and Al/Au alloyed Ohmic contacts with a 50 
/Ltm wide channel and 600 yum apart voltage probes. By 
applying a gate voltage between V and 6 V we could 
vary the density between n — 0.7 — 6 x 10 11 cm~ 2 and the 
mobility between 0.3 — 20 x 10 3 era 2 /Vs. In our whole 
gate voltage range we observed no gate leakage. 

The measurements were performed in a He-3 refriger- 
ator at T's ranging from 300 mK to 7 K, using an AC 
lock-in technique with an excitation current of 0.2 nA. 
The results were reproducible with a current of 0.05 nA, 
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within experimental accuracy. DC measurements were 
performed to check for consistency. The results in this 
work are obtained at a fixed gate voltage of Vq = 5.2 V. 
The measured density was 0.87 x 10 11 cm~ 2 . 

In fig. 1 we show the diagonal resistivity, p xx , as a 
function of B, for various T's ranging from 0.3 K to 4.2 
K. The Hall resistivity is plotted at 1.8 K. Three regions 
can clearly be distinguished, which we now describe in 
order of increasing B. 
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FIG. 1. Diagonal and Hall resistivity as a function of mag- 
netic field, pf — 2.2h/e 2 . The temperatures are: 0.3, 0.55 , 
0.75 , 0.9 , 1.2, 2.4 and 4.2 K 

The first region is a low B-field insulating phase char- 
acterized by an increasing resistivity with decreasing T 
and a linear Hall resistivity as B tends to zero. The 
second region is the v = 1 QH state. At B% the two 
regions are clearly separated by a T-independent p xx (at 
low temperatures). The v = 1 QH state is characterized 
by a well-developed plateau in the Hall resistivity, with 
the expected value of p xy = h/e 2 , and a decreasing p xx 
with decreasing T. Finally, the last region is similar to 
the first and is also characterized by a diverging diagonal 
resistivity when decreasing T. Here again we have a well- 
defined transition point, with a T-independent resistivity, 
= p xx (B^), for low enough temperatures. 

The transition points can be reliably extracted by plot- 
ting, as we do in fig. 2, the resistivities as a function of T 
for different values of B. In fig. 2 a) we present the high 
B-field transition and observe that the plot correspond- 
ing to the magnetic field = 4.04 T has almost no 
T-dependence. The resistivity remains constant within 1 
% between 0.3 K and 3.2 K. For higher magnetic fields the 
resistivity diverges with decreasing T whereas for lower 
magnetic fields the dependence is opposite. The low B- 
field transition, presented in fig. 2 a), is very similar. 
Extracting the magnetic field corresponding to the T- 
independent behavior below 1.8 K, we obtain a critical B 
for the high B-field transition of B^ = 1.975 T. 
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FIG. 2. Temperature dependence of the resistivities around 
the low and high field transitions. In fig. 2 a) the magnetic 
fields corresponding to the central resistivity curves are 3.94, 
4.04 and 4.14 T and in fig. 2 b) they are 2.05, 1.975 and 1.9 
T. 

Since the main idea in this work is to concentrate on 
properties related to transitions into insulating phases 
we chose a system with a strong T-dcpendence in these 
phases, in particular in the low B-field phase. This im- 
plies the choice of a system with strong disorder, which 
leads to a high value of the minimum diagonal resistivity 
in the QH state, even at 0.3 K. Therefore, we are un- 
able to directly compare our result pf = 2.2h/e 2 with 
the value h/e 2 obtained in the work of Shahar et al.Eil, 
which demonstrated the universality of the resistivity at 
. They had only included in their study samples for 
which the minimum diagonal resistivity in the QH state 
was vanishing at low T. In fact, when we lower the gate 
voltage, i.e., reduce the effective disorder strength, the 
value of p^ approaches h/e 2 u 

We can now turn to the main result of this work, con- 
cerning the similarities between both transitions. Ex- 
tracting the resistivities from fig. 2, we first note that 



where p^. 



Pc 



Pc ± 3%, (1) 
It is interesting to mention that 



a similar approximate relation (1) holds for n thjp v = 2 
QH state to high and low B-field transitionsQEm. These 
experiments were performed in systems where the v = 1 
state was not resolved. Since relation (1) applies only 
at the transition points, we will now concentrate on the 
behavior around the transition points and study the sim- 
ilarity between both transitions as a function of B and 
T. We will first focus on the B-dependence and then turn 
to the T-dependence. 

The best way to compare the B-dependence is to over- 
lap both transitions as a function of the filling factor v, 
which is dimcnsionless. We therefore convert our diago- 
nal resistivity data of fig. 1 as a function of v 1 which is ob- 
tained by measuring the density from the Hall resistance. 
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The result is represented in fig. 3. We note that the two 
transitions are almost indistinguishable. The main differ- 
ence is the effective temperature of the two transitions, 
which can be associated to a characteristic energy scale 
of each transition. The high value of vf = 0.87 is con- 
sistent with a transition that occurs at. a high disorder 
value as expected accordingly to KLZ'sa phase diagram. 
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FIG. 3. Resistivities, on a Log scale, as a function of filling 
factor. The group of curves with steeper slopes corresponds to 
the high B-field transition with critical filling factor v c = 0.87 
obtained from . The critical filling factor — 1.77 of the 
low B-field transition corresponds to . The bottom v scale 
is reversed. 

In the following we present our temperature depen- 
dence analysis at the transitions. There are several ways 
for studyiua-this temperature dependence. The prevail- 
ing studiesu'El assume a scaling behavior around the crit- 
ical point and try to collapse all data on one curve. Be- 
cause this study assumes a scaling behavior it is difficult 
to extract any information other than a scaling exponent. 
We will use an approach which is more general in the 
sense that it does not suppose any scaling form. Follow- 
ing Wang et al.Q, this approach consists simply of taking 
the slopes of the diagonal resistivity at the transition, 
i.e., near the T-independent point. In order to obtain a 

dimensionless result we evaluate a„ 



( aiog(p^) \ 
v 9u ) 



l — \ dv 

which is simply the slope of the plots in fig. 3. In addi- 
tion to giving a dimensionless result, this method has the 
advantage that log(/o xa; ) can be well approximated by a 
linear function of is, as was demonstrated by Shahar et 
al.E3, for the high B-ficld transition. A new result of this 
work is that for the low B-field transition we also observe 
a similar linear dependence. This linear dependence of 
the slopes allows us to extract the slopes in a well defined 
and straightforward way for the different temperatures. 
It is interesting to note that a similar linear dependence 
is also observed as a function of density in the zero B 
metal-insulator transition.113 

In fig. 4 we plot the dimensionless inverse-slopes, ao, 
on a Log-Log scale. It is evident from the data that it 



is not possible to extract any power law consistently for 
neither the low nor the high B-field transitions. 




T[K] 

FIG. 4. ao for the low B-field transition (solid symbols) 
and the high B-field transition (open symbolss). The lines 
are the fits obtained from fig. 5. 

It is possible, however, to extract some interesting in- 
formation from fig. 4 concerning the different underlying 
energy scales. When the slopes of the low B-field tran- 
sition are divided by 3 we can overlap the low B-field 
transition and the high B-field transition for the lowest 
temperatures. This is consistent with a lower character- 
istic energy scale for the low B-field transition. 

We further tried to fit the T-dependence following Sha- 
har et al.Ej The suggestion is that ao follows a linear 
T-dependence. We observe in fig. 5 a) a good agreement 
with this behavior for the high field transition. In the low 
field transition case, fig. 5 b), the data starts to deviate 
from this behavior at 1.7 K. This deviation can also be 
understood in terms of the lower effective temperature 
scale in the low field transition, which drives the system 
faster into a different behavior. The same ratio 3 between 
both transitions is obtained for the zero-temperature ex- 
trapolated value of ao, but a ratio of 6 for the linear 
temperature coefficient. 
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FIG. 5. aso on a linear graph as a function of temperature 
for the high field transition. The inset shows the low field 
transition up to 1.7 K. The straight lines are linear fits to the 
data. 

Coming back to fig. 2, similar conclusions can be 
drawn, concerning the different energy scales. For the 
high B-field transition, p xx remains constant within 1 % 
over a wide temperature range, i.e., from our base tem- 
perature, T=0.3 K, to approximately 3.2 K, whereas for 
the low B-field transition p xx remains constant only up 
to 1.7 K. At 7 K the relative deviation to the 0.3 K value 
is 7 % for the high B-field transition but 20 % for the low 
B-field transition. We here note a different qualitative 
behavior: at the low B-field transition p xx decreases with 
higher temperatures whereas at the high B-field transi- 
tion p xx increases with higher temperature. 

In the following we discuss our results in light of ex- 
isting theories. Theories of disordered systems predict 
overall localized states in two dimensions and at zero B.E-3 
However, when the quantization due to LL becomes im- 
portant at high fields it is expected that extended states 
exist at the center of LL's.liEl 

There are several theoretical and numerical results 
dealing with the crossover from the localized zero B-field 
state to the delocalized high B-field state. ._ The origi- 
nal argument of Khmel'nitzkii and LaughlinE3 describes 
the crossover as follows: the energies of the extended 
states originally at the center of a Landau level at high 
fields, float up with decreasing magnetic field. This is 
commonly referred to as the floating up picture. When 
the magnetic field is decreased the Fermi energy crosses 
the up- floating lowest energy-level of extended states and 
yields an insulator. In this framework, the low field tran- 
sition is also induced by the crossing of a LL, in anal- 
ogy to the high field transition. This picture has gained, 
recent support by numerical and theoretical results. til 
PruiskenliEl describes the crossover in terms of a field the- 
ory, recovering the localized case as the simplectic limit 
and the delocalized case as the unitarv-Jimit. An alter- 
nate description is given by Liu et al.E3 Their numeri- 
cal results suggest that in the center of each LL there is 
a localization-delocalization transition with increasing B 
field. 

The similarity between both transitions seems to favor 
the floating up picture as they would both be described 
by the LL level crossing of the Fermi energy. However, 
the floating picture does not predict a substantial differ- 
ent energy scale for both transitions, as opposed to the 
inter-LL localization-delocalization picture. All theories 
described above assume a single-particle picture, but at 
low fields other energy scales like interparticle interac- 
tions become relatively more important and could alter 
the simple one-particle physics. 

In conclusion, we analyzed the insulator - quantum 
Hall state v = 1 - insulator transitions. The transitions 
are characterized by a temperature independent diagonal 
resistivity. The main result arising from this study is 



that both transitions are very similar in terms of the 
magnetic field and temperature dependence so that it 
seems reasonable to assume a similar mechanism for both 
transitions. 
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